Following the discovery of novel thermophilic, aerobic endospore-formers in petroleum reservoirs, Nazina et al. (2001) proposed that the six species belonging to 16S rRNA group 5 of Ash et al. (1991) should be accommodated in a new genus, Geobacillus, along with two novel species, Geobacillus subterraneus and G. uzenensis. Geobacillus thus contained eight species: Geobacillus stearothermophilus (the type species), G. kaustophilus, G. subterraneus, G. thermocatenulatus, G. thermodenitrificans, G. thermoglucosidasius, G. thermoleovorans and G. uzenensis. For many years, the taxonomic positions of G. kaustophilus and G. thermocatenulatus, along with those of 'Bacillus caldolyticus', 'B. caldotenax' and 'B. caldovelox', have been unclear. Metabolic studies and phage typing by Sharp et al. (1980) also revealed close relationships between these species. White et al. (1993) considered whether 'B. caldolyticus', 'B. caldotenax' and 'B. caldovelox' (Heinen & Heinen, 1972) , which was grown on nutrient agar. Both media were supplemented with 5 mg MnSO 4 l 21 to encourage sporulation, and sporulated cultures were maintained at 3-5 u C.
Phenotypic characterization
Colonial characters were recorded, and cellular and sporangial morphologies were observed by phase-contrast microscopy. Gram reaction, temperature and pH ranges, NaCl tolerance, production of catalase and oxidase and starch and casein hydrolysis were tested by the methods of . Characterization tests for each strain were performed in duplicate and repeated if the results were ambiguous. Species represented by single strains were tested in triplicate. Biochemical characters were tested following the methods of Logan & Berkeley (1984) and Allan et al. (2005) , and data were subjected to numerical taxonomic analysis using BioNumerics 5.1 software (Applied Maths) using Gower's general similarity coefficient (S G ; Gower, 1971) and UPGMA cluster analysis. Test error was calculated from mean similarities of several duplicated strains and the probability of error (P) for an individual test was 0.25 %.
Fatty acid methyl ester (FAME) analysis
For FAME analysis, the method of Vauterin et al. (1991) was followed, and profiles were identified using the Microbial Identification System software version 3.8. Cells were grown on TSA at 52 u C for 24 h as recommended in the Microbial Identification System instructions (Microbiol ID).
Polar lipids
Polar lipids of type and reference strains were extracted and separated by using two-dimensional TLC according to Tindall (1990a, b) . Total lipids were visualized by spraying with molybdatophosphoric acid and further characterized by spraying with ninhydrin (specific for amino groups), molybdenum blue (specific for phosphates) and anaphthol (specific for sugars).
16S rRNA gene sequencing
Partial 16S rRNA gene sequences were generated as described by Heyrman & Swings (2001) . Sequencing products were purified with the Big Dye XTerminator Purification kit (Applied Biosystems) according to the manufacturer's instructions, using sequential pipetting and a MixMate (Eppendorf) shaking device. Sequence analysis was performed using a 3100 DNA Sequencer (Applied Biosystems) according to the manufacturer's guidelines. Sequences were assembled and compared using BioNumerics 5.1 software. Phylogenetic trees were constructed using the maximum-likelihood, maximum-parsimony and neighbour-joining methods, based on these partial 16S rRNA gene sequences, together with publicly available sequences of type strains within the genus Geobacillus. Alignment and clustering of sequences was performed using MEGA4 (Tamura et al., 2007) and PhyML (Guindon & Gascuel, 2003) . The maximum-likelihood tree is represented in Fig. 1 , and is supported by the maximumparsimony and neighbour-joining trees (Supplementary Figs S1 and S2, available in IJSEM Online).
DNA-DNA relatedness and DNA G+C content DNA was prepared and purified as described by Logan et al. (2000) . Hybridizations were performed using a modification (Willems et al., 2001 ) of the microplate method described by Ezaki et al. (1989) with a reassociation temperature of 37 u C. The G+C contents of the DNAs were determined by HPLC (Mesbah et al., 1989) , using further specifications given by Logan et al. (2000) .
Our findings supported earlier proposals for merging the species G. kaustophilus, G. thermoleovorans, 'B. caldolyticus', 'B. caldotenax' and 'B. caldovelox'. The 16S rRNA gene sequences of the type strains G. kaustophilus R-35638 T , G. lituanicus R-35645 T and G. thermoleovorans R-35636 T and of 'G. thermoleovorans subsp. stromboliensis' R-35650 clustered at 99.9 % S P (pairwise similarity). 'B. caldolyticus' R-32508, 'B. caldotenax' R-32507 and 'B. caldovelox' R-32499 clustered together at 99.8 % S P and joined the G. thermoleovorans cluster at 99.8 % S P (Fig. 1) , with G. vulcani R-35635 T joining the cluster at 99.7 % S P and R-32642 (received as G. stearothermophilus) joining at 99.6 % S P . Reference strains for species within the group showed over 71.5 % DNA relatedness: values for hybridization with
G. thermoleovorans R-35636
T for the type strains of G. kaustophilus, G. lituanicus and G. vulcani and for strains of 'B. caldolyticus', 'B. caldotenax', 'B. caldovelox' and 'G. thermoleovorans subsp. stromboliensis' were 82. 4, 81.0, 79.4, 80.7, 75.8, 71.5 and 76.6 T and 'G. thermoleovorans subsp. stromboliensis' R-35650 showed rather few phenotypic similarities with the G. thermoleovorans type strain. The considerable phenotypic diversity between these organisms makes a practically useful description difficult to write; indeed, Sunna et al. (1997) said that an emended Bacillus thermoleovorans would be 'characterized by its phenotypic heterogeneity and its genotypic homogeneity'. Further work, with more isolates, might allow biotypes to be discerned within the species. T and for 'B. caldolyticus' R-32508, 'B. caldotenax' R-32507 and 'B. caldovelox' R-32499. Polar lipid profiles were very similar for all strains, and displayed diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, an unknown aminophosphoglycolipid and some unknown aminolipids, a phosphoaminolipid, probably phosphatidylserine, and a lipid in minor amounts. Our polar lipid profiles for Geobacillus strains, including that of the type species G. stearothermophilus, included phosphatidylglycerol, whereas Miñana-Galbis et al. (2010) reported its absence from the type strain of G. stearothermophilus. The polar lipid profile of the type strain of G. thermoleovorans is shown in Supplementary  Fig. S3 . The polar lipid profiles of the species of Geobacillus here examined are clearly distinguished from those of other endospore-forming taxa that show meso-diaminopimelic acid in the peptidoglycan and a quinone system with the predominant compound menaquinone MK-7, such as Bacillus, Paenibacillus, Cohnella (Kämpfer et al., 2006) and Falsibacillus (Zhou et al., 2009) . Bacillus subtilis and Paenibacillus polymyxa, the type species of their respective genera, exhibit glycolipids not detectable in Geobacillus species but lack the aminophosphoglycolipid found in Geobacillus. Cohnella species can be distinguished from Geobacillus based on the absence of the aminophosphoglycolipid and the presence of two aminophospholipids (PN3 and PN4) and phospholipid PL2 (Kämpfer et al., 2006) . Whether the unidentified aminolipid AL2 of Geobacillus corresponds to lysyl-phosphatidylglycerol detected in Cohnella is still to be examined. In contrast to Geobacillus, Falsibacillus (Zhou et al., 2009 ) exhibits two other aminophosphoglycolipids, two phosphoglycolipids and a glycolipid. An emended description of G. thermoleovorans is given below, and characters that differentiate the species from other members of the genus are shown in Table 2 .
In the study of Abd Rahman et al. (2007) , the proposed type strain of 'G. zalihae' clustered with members of the G. thermoleovorans group and showed 68.2 and 73.6 % DNA relatedness, respectively, with the type strains of G. thermoleovorans and G. kaustophilus, so this strain appears to be yet another representative of G. thermoleovorans. This was confirmed by a 16S rRNA gene sequence similarity of (Fig. 1) .
B. thermocatenulatus was described by Golovacheva et al. (1975) , but later was classed as species incertae sedis by Claus & Berkeley (1986) . Nazina et al. (2001) transferred it to Geobacillus on the basis of 16S rRNA gene sequence and DNA relatedness data. Subsequently, Nazina et al. (2004) proposed G. gargensis to accommodate a novel isolate from a hot spring. They found 99.0 % 16S rRNA gene sequence similarity between the type strains of G. thermocatenulatus and G. gargensis, similar FAME profiles and many shared phenotypic characteristics; however, a DNA relatedness value of 43 % for the two type strains supported their proposal of a novel species. In the present work, G. gargensis R-35649 T and G. thermocatenulatus R-35648 T clustered at 94.5 % S G on the basis of phenotypic characters and at 98.9 % S P on the basis of 16S rRNA gene sequence analysis ( Fig. 1) and showed 85.6 % DNA relatedness. The phylogenetic tree ( Fig. 1) Table 2 .
Strain R-32643, received as G. stearothermophilus, showed 98.9 and 99.2 % S P in 16S rRNA gene sequence, respectively, with the type strains of G. stearothermophilus and G. thermoleovorans. Despite these high levels of similarity, the strain could not be identified, since its position in the phylogenetic tree indicates a clear separation between the G. thermoleovorans group and strain R-32643 (Fig. 1) . Four cultures received as G. kaustophilus were believed to be misnamed. Strains R-32635 and R-32504 showed 98.7 and 99.2 % S P 16S rRNA gene sequence similarity, respectively, with the type strain of G. stearothermophilus (Fig. 1) . DNA relatedness between R-32635 and R-32504 was 67.1 %, and the DNA-DNA relatedness with G. stearothermophilus R-35646 T was 72.4 and 66.4 %, respectively. Thus R-32504 is clearly a member of G. stearothermophilus, while R-32635 lies at the margin of this species. Strains R-32636 and R-32637, both isolated from the Lake Taupo volcanic region in New Zealand and received as G. kaustophilus, showed high phenotypic (96 % S G ) and genotypic (99.9 % S P ) similarity to each other, but were distinct from all the other taxa studied; however, R-32637 showed 99.2 % S P with the type strain of Anoxybacillus rupiensis (Derekova et al., 2007) in 16S rRNA gene sequence analysis, so these Lake Taupo isolates probably belong to A. rupiensis.
Emended description of Geobacillus thermoleovorans (Zarilla and Perry 1988) Nazina et al. 2001
Basonym: Bacillus thermoleovorans Zarilla and Perry 1988. Effective publication: Zarilla & Perry (1987) .
Geobacillus thermoleovorans [ther.mo9le.o.vo9rans. Gr. n. therme heat; L. n. oleum oil; L. v. vorare to devour; N.L. pres. part. thermoleovorans indicating heat-requiring bacteria capable of utilizing oil (hydrocarbons)].
Gram-positive, rod-shaped cells, 0.7-1.562-6 mm. Some strains are peritrichously motile. Ellipsoidal endospores are borne terminally and subterminally and do not swell the sporangia. Facultatively anaerobic, but growth is weak in the absence of oxygen. Colonies are circular, creamy white in colour, with smooth and glossy or rough surfaces, entire or irregular margins, 0.5-5 mm in diameter, following incubation at 60 u C for 18-24 h. Grows between 37-40 u C and 65-70 u C, with optimum growth at 60 u C; no growth at 30 or 80 u C. Grows sparsely at pH 5 and 9; optimum growth at pH 6-7. Tolerates 0.5-1 % NaCl. Catalase and oxidase are positive. Aesculin and starch are hydrolysed. Casein hydrolysis is variable. In the API 20E strip, gelatin is hydrolysed and nitrate is reduced; the ONPG test is variable, the Voges-Proskauer test is variable and weak when positive and citrate utilization (Simmons'), arginine dihydrolase, hydrogen sulfide production, indole production, lysine decarboxylase, ornithine decarboxylase, tryptophan deaminase and urease production are negative. In the API 50CHB gallery, acid without gas is produced from D-fructose, D-glucose, glycerol, maltose, D-mannose and ribose. Acid is produced weakly from salicin and acid production is variable from cellobiose, galactose, glycogen, mannitol, melezitose (weak when positive), melibiose, myo-inositol, lactose (weak when positive), methyl Dglucoside, N-acetylglucosamine, raffinose, starch, sucrose, trehalose and D-xylose. No acid is produced from adonitol, amygdalin, D-or L-arabinose, D-or L-arabitol, arbutin, dulcitol, erythritol, D- In the variable reactions listed above, the type strain displays the following reactions. Positive for hydrolysis of casein, negative for ONPG and positive for the Voges-Proskauer reaction. Acid is produced from galactose, glycogen, mannitol, melezitose (weakly), melibiose, myo-inositol, raffinose, starch, sucrose, trehalose and D-xylose; acid is not produced from cellobiose, lactose, methyl D-glucoside The major cellular fatty acids are iso-C 15 : 0 , iso-C 16 : 0 and iso-C 17 : 0 , making up more than 60 % of the total fatty acids (Nazina et al., 2001) . The DNA G+C content of the type strain is 51.17 mol% (HPLC). The EMBL/GenBank/ DDBJ accession number for the 16S rRNA gene sequence of the type strain (BGSC 93 T ) is AY608935.
The type strain is strain 178 T (5LMG 19007 T 5DSM 730 T 5VKM B-1259 T 5BGSC 93 T ), isolated from a slime layer inside a hot-gas borehole pipe; another strain (Ga 5DSM 15378 5VKM B-2300) was isolated from the Garga hot spring in the Transbaikal region, Russia.
